SUMMARY During blocks of the ulnar nerve induced by inflating a sphygmomanometer cuff round the arm, the strengths of the movements of ulnar deviation of the individual fingers and adduction of the thumb were measured by means of a pressure transducer. No statistically significant differences were found between the times at which failure of these movements occurred, and there was no evidence of the occurrence of a centripetal motor paralysis within the territory of the ulnar nerve in the hand. However, the flexor carpi ulnaris did not become paralysed until significantly later than the small muscles of the hand. The results do not support the idea that long motor fibres are more susceptible to asphyxia than short ones, at least when the difference in length is 4 cm or less. Such a theory could certainly explain the relative immunity of the flexor carpi ulnaris, but other explanations for this finding may be available.
In 1931 Lewis, Pickering, and Rothschild investigated the results of applying a sphygmomanometer cuff, at a pressure greater than systolic blood pressure, in various situations on the upper limb. They described a 'centripetal paralysis' of sensation and motor power, and deduced from this that nerve fibres supplying more distal regions are more vulnerable to asphyxia than fibres supplying more proximal regions. They also found that the supply of the extensor muscles of the forearm failed before that of the flexor muscles. These observations were confirmed by Kugelberg (1948a, b) , who wrote: 'The longer tactile fibers, the longer motor fibers, the shorter tactile fibers, the extensor motor fibers and the flexor motor fibers are activated and paralysed, in the order of enumeration. ' Sinclair (1948) showed that all the observations made on sensory paralysis in such circumstances could be explained by reference to the anatomy of the upper limb, and that the paralysis was not truly 'centripetal', but depended on the successive involvement of different nerve trunks, probably because pressure was not equally transmitted within the limb. The sensory paralysis within the territory of the ulnar nerve was not centripetal at all. It has not yet been shown that the motor paralysis can be explained in this way, and there is some electrophysiological evidence that motor fibres may behave differently from sensory fibres during asphyxia. For example, Leksell (1945) found that in a selective pressure block he could eliminate activity in the alpha fibres before the gamma fibres, and this is the reverse of the usual order of failure among sensory fibres (Sinclair, 1967) . Groat and Koenig (1946a) clamped the trachea in a cat, and found that asphyxia caused a proximodistal gradient of functional deterioration in a peripheral nerve after the death of the animal. This work was criticized by Frankenhaeuser (1949) , who pointed out that differences in operative technique could cause differences in the access of oxygen to different stretches of nerve. However, Groat and Koenig (1946b) described a similar gradient of proximodistal deterioration in the facial nerve inside the nervous system, and this finding requires explanation.
In the present investigation we examined the paralysis of the muscles supplied by the ulnar nerve when the upper limb was asphyxiated by a compression cuff. This nerve was chosen because it supplies in sequence a series of small muscles which are more or less comparable in weight and power: a tendency to centripetal spread of paralysis should therefore be easily detected.
METHODS
Thirty-three subjects took part, all of whom were medical students or members of the staff of the Department of Anatomy.
A general routine for testing a selection of the muscles supplied by the ulnar nerve has been described by Matheson, Sinclair, and Skene (1970) (Sinclair, 1948) . A quarter of a minute was'allowed for positioning and testing each finger, so that a 'round' of tests occupied one minute. The time of complete failure of the finger to deviate-that is, the time at which no movement at all was perceptible on the ammeter-was recorded. In some experiments the time of failure of the flexor carpi ulnaris was investigated; contraction of the muscle was assessed by palpation of its tendon just proximal to the pisiform bone, the subject being asked to flex and adduct his wrist.
RESULTS
PRELIMINARY EXPERIMENTS Since functional deterioration of the asphyxiated muscles might be a factor in determining the onset of motor paralysis, it was decided to limit movements of the fingers to the absolute minimum required to establish the time of failure. For this reason, preliminary trials were undertaken to determine the approximate time of the first muscle failure in each individual.
These preliminary experiments involved 19 subjects. In Group A (seven males and five females) ulnar deviation of all four fingers was used; in Group B (four males and three females) ulnar deviation of the little and middle fingers was compared with adduction of the thumb.
The results are shown in Table 1 , together with the initial strengths of the movements tested, taken from the preliminary standard sessions. In Group A the index and little fingers were both significantly stronger than the middle and the ring fingers (P < 0-001 in all cases), but the differences between the index and little fingers and between the middle and ring fingers did not reach the 5 % level of significance. In Group B adduction of the thumb was over ten times as powerful as the movements of the little and middle fingers (P < 0O001). In neither group were there any statistically significant differences between the times of failure of the individual movements tested.
The preliminary experiments revealed two difficulties which had not been appreciated at the outset. Firstly, as the muscles became progressively weaker, the fingers tended to flex and curl up, making sideways deviation awkward. Secondly, it was felt that the order of testing the movements (which was always the same, beginning with the little finger and ending with the index finger) might possibly introduce a systematic bias into the results. DEFINITIVE EXPERIMENTS Twelve subjects (five males The order of testing the fingers in each subject was randomized by reference to tables. Thin wooden rods ('orange sticks') to act as splints were fixed to the backs of the fingers with strips of adhesive tape; these kept the fingers satisfactorily straight and did not interfere with deviation movements. Motor testing was initiated two minutes before the time at which the first failure had occurred in the preliminary experiment on that particular subject. This last procedure met with somewhat varying success. It had been hoped that in all subjects the first finger to fail would do so after only one round of contractions. In the event, five subjects behaved according to expectation, but two subjects required two rounds, and three subjects three rounds, of contractions before the first failure occurred. In the remaining two subjects failure of one finger had already occurred by the time testing began, and in these two instances an estimate was made by subtracting half a minute from the time of first testing.
The results, which are shown in Table 2 , again show no significant differences in the times of paralysis, and there was also no significant difference between the times recorded in the preliminary and in the definitive experiments (Table 3 ). The mean strengths of the fingers used for the definitive experiments are also shown in Table 2 , and are all significantly different from each other at the 0-1 % level.
In the definitive, as in the preliminary experiments, a testing round of the four fingers occupied one minute, and it was felt that any differences in the times of failure should not be regarded as meaningful unless they amounted to one minute or more. On this basis the fingers of each subject were ranked in order of failure, ties in the ranking being dealt with by dividing the sum of the appropriate ranks equally between the tying fingers. The individual figures for each finger were then summed to give the best estimate of the true rank (Kendall, 1943) . On this basis the little finger obtained 31 ranking points, the ring finger 28, the middle finger 31, and the index finger 30. Finally, the differences between the times of failure of the index and the little fingers were noted, since if the paralysis were centripetal these two fingers ought to exhibit the greatest differences. The index finger failed before the little finger seven times, and after it five times; only five of the differences were of one minute or more, and two of these were in favour of the little finger failing first, while the other three were in favour of the index finger.
In two of the definitive experiments a trace (less than 10 g thrust) of ulnar deviation of the little finger persisted after the failure of the other small muscles. In both cases inspection and palpation showed that this was due to a transmitted pull from the flexor carpi ulnaris, which continued to be active for some time after the abductor digiti minimi had failed. The interval between failure of the last small muscle and the failure of flexor carpi ulnaris was measured in five subjects, and found to be 3 0 ± 2-3 minutes, an interval which is significant at the 5% level.
EFFECT OF REPEATED CONTRACTIONS Five of the subjects who underwent a definitive experiment also took part in experiments in which the force of ulnar deviation of each finger was measured at one-minute intervals immediately after the inflation of the cuff. The course of failure is shown in the Figure. In order to compensate for possible 'learning' effects, the experiment involving exercise preceded the definitive experiment in two subjects and followed it in three. In all cases the muscles failed more quickly in the experiments involving exercise, and the differences were statistically significant ( (Lewis et al., 1931) .
In the present investigation the times of failure in the definitive experiments, in which the muscles were minimally exercised, did not differ significantly from those in the preliminary experiments, in which a limited amount of exercise usually occurred (Table 3) . When regular exercise was undertaken throughout asphyxia, the muscles failed earlier than they did in either the preliminary or the definitive experiments, and it may be that the earlier onset of paralysis associated with exercise was due to chemical factors affecting the muscle. However, in this case also there was no significant difference between the times of failure of the movements of the individual fingers. We may therefore say that, whether the onset of paralysis was due to muscular or nervous involvement, there was no indication of centripetal paralysis within the territory of the ulnar nerve in the hand. The findings therefore lend no support to the theory that the longer motor fibres of the ulnar nerve are more vulnerable to the effects of asphyxia than the shorter fibres, as suggested by Lewis et al. (1931) . It could perhaps be argued that the fibres are indeed affected differentially in this way, but that the effect is masked by the varying strength of the individual muscles involved. Our results would not support this contention. If the weakest muscles tend to fail first, the order of paralysis should be: ring finger, middle finger, little finger, index finger (Tables 1 and 2 ). To neutralize this supposed tendency the nerve supply to these muscles would have to fail in the order: index finger, little finger, middle finger, ring finger. That is, the longest fibres must fail first, immediately followed by the shortest fibres, and these in turn by the intermediate fibres.
Again, in the preliminary experiments in which adduction of the thumb was used, this movement was roughly ten times as strong as the movements of ulnar deviation of the middle finger and little finger, with which it was compared, yet it failed at the same time. To account for this on the basis of a combination of the factors of initial strength and distance of innervation from the central nervous system it would have to be assumed that there was a very steep gradient of susceptibility between the fibres supplying the first interosseous space and those supplying the third. Yet no such difference could be demonstrated between the fibres supplying the second interosseous space and those supplying the fourth, a distance which is very similar.
A more telling criticism might be that the difference in the lengths of the fibres under test in these experiments was too small to show up any difference between fingers. The mean distance between the point of innervation of the abductor digiti minimi and the point of innervation of the muscles producing ulnar deviation of the index finger is approximately 4 cm (Sunderland and Hughes, 1946) , and this is indeed short compared with the distance between the point of innervation of the abductor digiti minimi and the point at which the first supply to the flexor carpi ulnaris enters the muscle. This distance can be calculated from data provided by Seddon, Medawar, and Smith (1943) , and Sunderland and Hughes (1946) , and is approximately 25 cm, assuming a forearm length of 25 cm (Martin, 1928) . In the five subjects in whom the point was investigated, the flexor carpi ulnaris remained active for a mean period of three minutes after the time at which the last of the hand muscles tested became paralysed. However, to say that the flexor carpi ulnaris survives the small muscles of the hand is not to say that long nerve fibres are more susceptible to asphyxia than short ones, and other explanations may be available. For example, within the parent trunk of the ulnar nerve the fibres supplying the flexor carpiulnaristendto lie posteriorly in the region of the medial epicondyle, and it is here that the nerve receives a rich blood supply (Sunderland, 1968) from the anastomosis round the elbow. A certain amount of blood flow through this anastomosis may continue during compression of the arm (Weddell and Sinclair, 1947) , and there may be a differential supply to the various groups of nerve fibres.
It can at least be said that any inherent differences between the longer and shorter fibres of the ulnar nerve in their susceptibility to asphyxia do not manifest themselves in differences in the time of failure of observable contractions when the difference in length of the motor fibres concerned is 4 cm or less. Sinclair (1948) found no difference in the times of extinction of fibres supplying the most proximal and the most distal parts of the sensory distribution of the palmar branch of the ulnar nerve, a distance of about 5 cm.
Both Lewis et al. (1931) and Kugelberg (1948a, b) found that the extensor muscles of the wrist failed before the flexor muscles, and we have confirmed this observation incidentally in two subjects. Any differential susceptibility of the nerve fibres cannot therefore be based, as Lewis et al. (1931) point out, purely on the length of the fibres per se, since the extensor and the flexor muscles lie more or less equidistant from the spinal cord. Clearly other factors, such as the variations in the blood supply and the degree of compression of different nerve trunks, may be decisive.
Motor fibres in the ulnar nerve appear to be somewhat less vulnerable to asphyxia than sensory fibres conveying impulses interpreted centrally as touch, which fail usually between the 20th and the 25th minute of a compression block (Sinclair, 1948; Sinclair and Hinshaw, 1951) . The sensory endpoint is an artificial one, and certainly underestimates the time of complete paralysis of touch sensibility, which is difficult to define (Sinclair, 1948) . It may be that the motor endpoint adopted in the present investigation also underestimates the time of complete motor failure. Yet it seems likely that a real difference may exist. Now the length of a sensory fibre supplying the tip of the little finger, measured from the spinal cord, is about the same as that of a motor fibre supplying the adductor pollicis, so the difference between sensory and motor fibres, if it is real, has no relation to the lengths of the fibre. The currently accepted explanation is that susceptibility depends on the diameter of the fibres. In experimental asphyxial blocks of the sensory nerves of animals the small myelinated fibres in general tend to fail before the large myelinated fibres, and these in turn before the unmyelinated fibres. In motor nerves the evidence is not only less clear, but sometimes conflicting (Sinclair, 1967) . Any interpretation of the differences in behaviour of sensory and motor fibres in human cuff experiments in terms of fibre size is thus open to question.
